Hypoxia-induced cardiomyocyte apoptosis contributes significantly to the development of numerous cardiac diseases, such as ischemic heart disease, heart failure, etc. Promoting cell survival by inhibiting apoptosis is one of the available strategies to attenuate cardiac dysfunction caused by cardiomyocyte loss. Previous studies have been demonstrated that miR-138 and lipocalin-2 (Lcn2) play important roles in cardiomyocyte apoptosis and survival. We presently determined whether Lcn2 is a target gene of miR-138 involved in hypoxia-induced cardiomyocyte apoptosis. Firstly, mimics of miR-138 were transfected into HL-1 cells to investigate its effect on cell apoptosis. Using 3-(4,5-dimethyl-thiazol-2-y1) 2,5-diphenyl tetrazolium bromide (MTT) and Annexin V-FITC/PI flow cytometer assays, over-expression of miR-138 significantly enhanced the cell growth and significantly attenuated the cell apoptosis in hypoxic conditions. Dual-luciferase reporter gene and western blot results confirmed Lcn2 was a direct target of miR-138. Then, the recombinant plasmid, pcDNA3.1/Lcn2 was transfected into the HL-1 cells that over-expressed miR-138. We further observed that the over-expression of Lcn2 diminished the protection of miR-138 over-expression from hypoxia-induced cell survival and apoptosis. In conclusion, our study demonstrated that up-regulation of miR-138 inhibits the hypoxia-induced cardiomyocyte apoptosis via down-regulating the pro-apoptotic gene expression of Lcn2.
Introduction
Ischemic heart disease, with a high incidence and prevalence, is one of the leading causes of death worldwide. 1 Oxidative phosphorylation is severely impaired during ischemia. 2 Mitochondria are vulnerably damaged in cardiomyocytes under hypoxia, leading to the excessive production of reactive oxygen species (ROS), which decrease cell antioxidant defenses. [3] [4] [5] And also, many other heart diseases are associated with ROS, including myocardial infarction, cardiac hypertrophy, and heart failure. The dysfunction of mitochondria could release apoptotic proteins into the cytosol, and then evoke the apoptotic pathway, leading to cardiac apoptosis. 6 A variety of animal and human studies have demonstrated that apoptosis contributes significantly to cardiomyocyte loss during the development and progression of heart diseases. 7, 8 Currently, overcoming hypoxia-induced cardiac apoptosis remains challenging for the treatment of various heart diseases.
MicroRNAs (miRNAs) are naturally occurring, short, non-coding RNAs that negatively regulate gene expression. 9 In mammals, mature miRNAs consist of 21-24 nucleotides, integrate into RNA-inducing silencing complexes, and pair with the 3 0 untranslated regions (3 0 UTRs) of target mRNAs to suppress translation or induce degradation of the target mRNAs. 10 miR-138 is one of the miRNAs that functions in various biological processes, such as heart development. 11 Dysregulation of miR-138 may lead to disrupted heart morphogenesis and cardiac function. 11 Interestingly, overexpression of miR-138 was able to rescue the heart defects generated by citrinin. 12 Recent studies have shown the miR-138 expression changed in hypoxic pulmonary artery smooth muscle cells 13 or cardiomyocytes, 14 and then regulated the hypoxia-induced cell apoptosis. However, the mechanics underlying the miR-138 that protects cardiomyocytes from hypoxia-induced apoptosis was not completely elucidated.
Lipocalin-2 (Lcn2) is a small, secreted adipokine and belongs to a diverse family of lipocalins that has the characteristics of binding and transporting small molecules such as retinoid, steroid, fatty acid, and iron. 15 It was suggested that Lcn2 may mediate the innate immune responses in the pathogenesis of heart failure. 16, 17 Lcn2 expression is significantly enhanced in patients with coronary heart disease and myocardial infarction. 18, 19 After carotid artery injury in rats and in a heterotopic mouse with transplanted heart after ischemia/reperfusion, plasma Lcn2 was augmented. 20, 21 Most recently, it was demonstrated that Lcn2 directly induced cardiomyocyte apoptosis. 22 However, little is presently known about regulation of the Lcn2 gene. The aim of the current study was to determine whether miR-138 protects cardiomyocytes from hypoxiainduced cell apoptosis via targeting Lcn2 gene. HL-1 cells represent a cardiac myocyte cell line that can be repeatedly passaged and yet maintain a cardiac-specific phenotype, 23 and the HL-1 cells were used as cell model in this study; our results revealed miR-138 can directly target the Lcn2 gene, and its over-expression inhibits the hypoxia-induced cell apoptosis via down-regulating the expression of Lcn2.
Material and methods

Cell culture
Mouse HL-1 cells (ATCC, USA) were cultured. In brief, cells were grown in Dulbecco's modified Eagle's medium (DMEM; Gibco, USA) supplemented with 10% fetal bovine serum (FBS; Gibco, USA). After serum-starved overnight, cells were placed in an Invivo200 cultivator (Ruskin Technology Ltd, UK) containing a gaseous mixture of 94% N 2 , 5% CO 2 , and 1% O 2 at 37 C for durations of 0 h, 12 h, 24 h, 48 h, and 96 h, respectively. Cells in normoxia group were incubated under the same conditions except for 21% O 2 concentrations.
Micro RNA mimics transfection
The miR-138 mimics and miRNA negative control (miR-NC) were purchased from a commercial manufacturer (GenePharm, China). HL-1 cells were seeded in a six-well plate (2 Â 10 5 /well) 24 h before transfection, and cells were transfected with miRNA mimics (50 nM) or miR-NC (50 nM) using FuGENE Õ HD transfection reagent (Promega, USA) in accordance with the manufacturer's instruction.
MTT assay
Cell survival was evaluated using the 3-(4,5-dimethyl-thiazol-2-y1) 2,5-diphenyl tetrazolium bromide (MTT) (Sigma, USA) colorimetric assay. Cells were seeded in 96-well tissue culture plates at 2 Â 10 4 cells per well and incubated in hypoxic conditions for various hours. Cells were first washed with phosphate-buffered saline and then incubated in 100 mL of 5 mg/mL MTT solution (Invitrogen Inc., USA) for 3 h. MTT is converted into purple-colored formazan in living cells which was then solubilized with dimethylsulfoxide (DMSO) (Invitrogen Inc., USA), and absorbance of solution was taken at 450 nm using the microplate reader Thermo Plate (Rayto Life and Analytical Science C. Ltd, Germany).
Flow cytometry
Cell apoptosis was determined by Annexin V assay. HL-1 cells incubated in hypoxic conditions for 48 h were collected, washed, and suspended in Annexin V binding buffer. Fluorescein isothiocyanate (FITC) conjugated Annexin V and propidium iodide (PI; Beyotime, China) were added to the cells successively. After incubation, Annexin V binding buffer was added, and cells were analyzed by flow cytometry.
Dual-luciferase reporter gene assay
The 3 0 UTR of Lcn2 harboring either the miR-138 binding site (Lcn2-3 0 UTR-WT) or a mutant (Lcn2-3 0 UTR-MUT) was cloned into the psiCHECK-2 vectors (Promega, USA) immediately downstream of the stop codon of the luciferase gene to generate the psiCHECK-lcn2-3 0 UTR luciferase reporter plasmid. Mutagenesis was performed when the seed region was mutated to remove all complementarity to nucleotides of miR-138. Plasmid DNA and mimics/ miR-NC were co-transfected into HL-1 cells by using Lipofectamine 2000 (Invitrogen Inc., USA).
Western blot assay
Polyclonal anti-Lcn2 was purchased from Santa Cruz Biotechnology (Santa Cruz, USA). Polyclonal anti-glyceraldehyde 3-phosphate dehydrogenase (Bioss, China) was used as an internal control. Proteins of cells were extracted with sodium dodecyl sulfate (SDS) lysis buffer (Beyotime, China) and separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) gel. Subsequently, protein samples were transferred to polyvinylidene difluoride (PVDF; Roche). Membranes were probed with primary antibodies at 4 C overnight, followed by incubation with horseradish peroxidase-conjugated secondary antibodies (Beyotime, China) and detected by enhanced chemiluminescence (ECL) (Beyotime, China).
Cell transfection with pcDNA3.1/Lcn2
The full-length cDNA encoding human Lcn2 was amplified, and the recombinant plasmid, pcDNA3.1/Lcn2 was constructed (Invitrogen Inc., USA). HL-1 cells (miR-138 mimics or miR-NC) at 75% confluency were transfected with pcDNA3.1/Lcn2 (miR-138 þ Lcn2 cells) using Lipofectamine 2000 in a six-well plate for 48 h, and transfection with pcDNA3.1(-) alone was performed for the control group (miR-138 þ vector cells). Cells were then trypsinized and seeded onto a 10-cm dish. Stable transfection cells were subjected to G418 selection (400 mg/ml), and after two weeks, single-cell clones were selected and expanded. After G418 selection, identification of Lcn2 was performed in six selected cell clones in each group. And one clone in each group was selected to be used in the subsequent study.
Statistical analysis
For quantitative data, all results are expressed as the mean AE SEM. Statistical significance between groups was determined using one-way analysis of variance (ANOVA) or an unpaired Student's t-test using SPSS 18.0 (SPSS, USA). Each experiment was repeated at least three times. And P value of <0.05 was considered statistically significant.
Results
Expression of miR-138 in hypoxic cardiomyocytes
To determine the miR-138 level in hypoxic HL-1 cells, quantitative reverse transcription-polymerase chain reaction (qRT-PCR) was performed (Figure 1 ). HL-1 cells were exposed to hypoxia for 24 h at 1% oxygen concentration. The expression of miR-138 was significantly decreased to 23% of that in normoxia controls (P < 0.05). The results suggested that miR-138 was down-regulated by hypoxia in cardiomyocytes.
Effect of miR-138 on cell growth and apoptosis in hypoxic cardiomyocytes
The miR-138 was over-expressed in HL-1 cells using miR-138 mimics (Figure 2(a) ). After miR-138 upon mimetic transfection, the cell survival in hypoxic conditions was tested by MTT assay (Figure 2(b) ). Over-expression of miR-138 promoted HL-1 cells proliferation and reached 132% of that in miR-NC group at 24 h, with a statistical significance (P < 0.05). Cardiomyocytes are highly susceptible to hypoxia-induced cell apoptosis. To determine whether over-expression of miR-138 was protective against hypoxia-induced apoptosis, the effect of miR-138 upon mimetic transfection on cell apoptosis was examined by the Annexin V-FITC/PI assay (Figure 2(c) ). The results showed that over-expression of miR-138 significantly decreased hypoxia-induced cell apoptosis compared with miR-NC groups, especially in the level of early apoptosis (Figure 2(d) ).Thus, miR-138 over-expression significantly 
Lcn2 is a target gene of miR-138
In the hypoxic conditions for 48 h, the mRNA level of Lcn2 increased threefolds (Figure 3(a) ). The protein expression of Lcn2 was also enhanced (Figure 3(b) ). To verify whether Lcn2 is a direct target of miR-138, TargetScan algorithm was used to predict target genes of miR-138, and a dual-luciferase reporter system was employed. The 3 0 UTR of Lcn2 was inserted downstream of the luciferase gene and transfected into HL-1 cells together with miRNAs mimics or miR-NC (Figure 3(c) ). The results showed that miR-138 could down-regulate the luciferase activity of the reporter (Figure 3(d) ). In order to further proved its reliability, mutants of Lcn2 3 0 UTR was constructed by deleting the miR-138 targets site (Figure 3(c) ) and co-transfected into HL-1 cells together with miR-138 mimics/miR-NC. The luciferase expression of mutant 3 0 UTR of Lcn2 was no longer subject to be regulated by miR-138 ( Figure 3(d) ). These results suggested that this site in the 3 0 UTR of Lcn2 was exact regulation site for miR-138. The decrease of Lcn2 expression after miR-138 upon mimetic transfection for 48 h further confirmed that Lcn2 was a target gene of miR-138 (Figure 3(e) ).
Effect of Lcn2 expression on miR-138 over-expressionenhanced cell survival and miR-138 over-expressioninhibited cell apoptosis in hypoxic conditions
To identify the increased expression of Lcn2 in HL-1 cells, Lcn2 was examined using western blot analysis (Figure 4(a) ). The results showed an over-expression of Lcn2 in miR-138 þ Lcn2 cells. Using MTT assay, we found that miR-138 over-expression-promoted HL-1 cells proliferation in the hypoxia conditions was significantly decreased by Lcn2 over-expression (Figure 4(b) ). To determine whether overexpression of Lcn2 could attenuate the protection of miR-138 over-expression from hypoxia-induced apoptosis, the Annexin V-FITC/PI assay was performed (Figure 4(c) ). The results showed that over-expression of Lcn2 significantly increased the apoptosis of miR-138 over-expression cells (Figure 4(d) ). Taken together, miR-138 over-expression significantly enhanced cell survival and inhibited cell apoptosis in the hypoxic conditions via targeting Lcn2.
Discussion
Literatures have demonstrated that Lcn2 was elevated during ischemia-reperfusion processes and in coronary heart disease and myocardial infarction 16, 18, 19, 21 and might be a useful biomarker of the severity of heart diseases. In the current study, we demonstrated that Lnc2 expression in the cardiomyocytes regulated by miR-138 and over-expression Using qRT-PCR, we observed a decrease of the expression of miR-138 in hypoxic HL-1 cells (Figure 1 ). When miR-138 over-expressed in HL-1 cells, the hypoxia-induced cell apoptosis was dramatically attenuated (Figure 2 ). Also, the over-expression of miR-138 significantly enhanced the cell survival. It was suggested the over-expression of miR-138 to be beneficial for protection of cardiomyocyte from hypoxia.
The previous studies have also indicated that the hypoxia could induce the cardiomyocyte apoptosis, which is a main reason for the cardiac disease. 4, 8, 12 Therefore, in this study, we established the cardiomyocyte apoptosis model by using the hypoxia. Our data also demonstrated that hypoxia induced the expression of Lcn2 in HL-1 cells in both mRNA and protein levels (Figure 3(a) and (b) ). Lcn2 is a novel protein involved in iron transport. 24 Lcn2 has the capability to bind iron, and the complex can internalize through binding to 24p3R and/or megalin. 25, 26 Lcn2induced cardiomyocyte apoptosis is in part mediated via an increase in intracellular iron levels and induction of the intrinsic mitochondrial pathway via translocation and activation of Bax. 22 However, little is presently known about regulation of the Lcn2 gene. To verify whether Lcn2 is a direct target of miR-138, we used a dual-luciferase reporter system. The 3 0 UTR of Lcn2 was inserted downstream of the luciferase gene and transfected into HL-1 cells together with miRNAs mimics or miR-NC (Figure 3(c) ). The results showed that miR-138 could down-regulate the luciferase activity of the reporter (Figure 3(d) ). In order to further prove its reliability, mutants of Lcn2 3 0 UTR were constructed by deleting the miR-138 targets site (Figure 3(c) ) and co-transfected into HL-1 cells together with miR-138 mimics/miR-NC. The luciferase expression of mutant 3 0 UTR of Lcn2 was no longer subject to be regulated by miR-138 ( Figure 3(d) ). These results suggested that this site in the 3 0 UTR of Lcn2 was exact regulation site for miR-138. The decrease of Lcn2 expression after miR-138 upon mimetic transfection for 48 h further confirmed that Lcn2 was a target gene of miR-138 (Figure 3(e) ).
In addition, our data using fluorescence activated cell sorting (FACS) analysis of Annexin V/PI binding to MTT assay clearly demonstrate that Lcn2 over-expression attenuated the cell proliferation and increased the cell apoptosis in HL-1 cells that over-expressed miR-138 (Figure 4 It is very interesting to note that the role of Lcn2 and miR-138 in regulating apoptosis is stage-dependent. Overexpression of miR-138 predominantly inhibited the hypoxia-induced cell apoptosis at early stage ( Figure  2(d) ). However, the Lcn2 over-expression primarily attenuated the protection of miR-138 over-expression at later stage (Figure 4(d) ). Also, there were some limitations for the present study, such as this study is only performed in the level in vitro and has no profound investigation for the mechanism. Therefore, the further experiments may attempt to understand fully the mechanism of miR-138 and Lcn2 on apoptosis on the level in vivo model.
In conclusion, over-expression of miR-138 inhibits the hypoxia-induced cardiomyocyte apoptosis via downregulating pro-apoptotic gene expression of Lcn2. Manipulating the expression level of miR-138 and/or its downstream factor Lcn2 in injured/failing heart may lead to intervention of novel therapeutic strategies.
